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Abstract
The first observation of the ttH process in a single Higgs boson decay channel with
the full reconstruction of the final state (H → γγ) is presented, with a significance of
6.6 standard deviations (σ). The CP structure of Higgs boson couplings to fermions is
measured, resulting in an exclusion of the pure CP-odd structure of the top Yukawa
coupling at 3.2σ. The measurements are based on a sample of proton-proton colli-
sions at a center-of-mass energy
√
s = 13 TeV collected by the CMS detector at the
LHC, corresponding to an integrated luminosity of 137 fb−1. The cross section times
branching fraction of the ttH process is measured to be σttHBγγ = 1.56+0.34−0.32 fb, which
is compatible with the standard model prediction of 1.13+0.08−0.11 fb. The fractional con-
tribution of the CP-odd component is measured to be fHttCP = 0.00± 0.33.
”Published in Physical Review Letters as doi:10.1103/PhysRevLett.125.061801.”
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1Since its observation [1–3], the properties of the Higgs boson (H) have been studied using a
variety of decay channels and production modes. Among these properties, the tree-level top
quark Yukawa (Htt) coupling and its CP structure can be tested by studying H production in
association with a top quark-antiquark pair (ttH). The CMS [4] and ATLAS [5] Collaborations
reported the observation of the ttH process by combining several H decay channels, with a
cross section compatible with the standard model (SM) expectation. One of the most sensitive
channels for probing the ttH process is H → γγ. By probing the interaction between the H and
vector bosons, CMS [6–13] and ATLAS [14–19] have determined that the H quantum numbers
are consistent with JPC = 0++. However, small anomalous contributions were not excluded,
and studies of the Htt coupling provide an alternative and independent path for CP tests in
the Higgs sector [20–22].
This Letter reports on the measurement of the production rate of ttH with H → γγ, giving
the first observation of the tree-level Htt coupling in a single H decay channel, along with a
first test of its CP structure. Results are based on data from proton-proton (pp) collisions at
a center-of-mass energy of
√
s = 13 TeV collected with the CMS detector at the LHC between
2016 and 2018, corresponding to an integrated luminosity of 137 fb−1.
The central feature of the CMS apparatus [23] is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Inside the solenoid there is a silicon tracker, a
lead-tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron
calorimeter. Forward calorimeters extend the coverage to higher pseudorapidity (η), and muon
detectors are embedded in the flux-return yoke of the solenoid.
The particle-flow (PF) algorithm [24] reconstructs individual particles (photons, charged and
neutral hadrons, muons, and electrons) by combining information from all detectors. Jets are
built from PF particles with the anti-kT algorithm [25, 26] with a distance parameter of 0.4.
The missing transverse momentum (pmissT ) is defined as the negative vector sum of the trans-
verse momenta (pT) of all PF particles. The primary pp interaction vertex is taken as the vertex
with the largest value of summed physics-object p2T [27]. Charged hadrons originating from
additional pp interactions are removed from the analysis. Jets from the hadronization of bot-
tom quarks are tagged by a secondary vertex algorithm based on the score from a deep neural
network (DNN) [28].
Signal and background processes are generated with several Monte Carlo (MC) programs. All
H production processes are modeled with MADGRAPH5 aMC@NLO 2.4.2 at next-to-leading
order (NLO) [29] in quantum chromodynamics (QCD), with cross sections and decay branching
fractions taken from Ref. [30]. A separate ttH sample, generated with POWHEG 2.0 [31–34]
at NLO in QCD, is used to increase the number of events used for training the multivariate
discriminants described below. For the CP study, ttH anomalous coupling samples of CP-odd,
CP-even, and a mixture of the two, are generated at leading order (LO) with JHUGEN 7.0.2 [22,
35–37] and reweighted with the MELA matrix element library [22, 35–37], JHUGEN 7.0.2 and
MELA are also used for the study of CP effects in the tH process. The MADGRAPH5 aMC@NLO
program is also used to generate most background processes, e.g., tt + γγ, tt + γ, tt + jets,
γ + jets, V + γ, Drell–Yan, diboson, t + V, where V is a W or a Z boson. In contrast, the
diphoton background (γγ+ jets) is generated with SHERPA 2.2.4 [38], which includes tree-level
processes with up to three additional jets, as well as box processes at LO accuracy. In all MC
samples, the parton fragmentation and hadronization and the underlying events are modeled
with PYTHIA 8.205 [39], with the CUETP8M1 [40] and CP5 [41] tune used for the simulation
of 2016 and 2017/2018 data respectively. Finally, the detector response is simulated with the
GEANT4 package [42].
2The trigger [43] selects diphoton events with a loose calorimetric identification [44], and asym-
metric photon transverse energy (ET) thresholds of 30 and 18 (22) GeV for the data collected
during 2016 (2017/2018). The trigger efficiency is >95% and is measured as a function of ET,
η, and R9 of the photons using an alternative trigger, where R9 is the energy sum of the 3× 3
crystals centered around the most energetic crystal in the cluster divided by the energy of the
photon.
H candidates are built from pairs of photon candidates, which are reconstructed from energy
clusters in the ECAL not linked to charged-particle tracks (with the exception of converted
photons). The photon energies are corrected for the containment of electromagnetic showers in
the clustered crystals and the energy losses of converted photons with a multivariate regression
technique based on simulation [44]. The ECAL energy scale in data is corrected using Z →
e+e− simulated events smeared to reproduce the energy resolution measured in data. The
offline diphoton selection criteria are similar to, but more stringent than, those used in the
trigger [44].
Photons are further required to satisfy a loose identification (photon ID [44]) criterion based on
a boosted decision tree (BDT) classifier trained to separate photons from jets. Inputs to photon
ID such as shower shape and isolation variables in simulation are corrected with a chained
quantile regression method [45] based on studies of Z → e+e− events. Each variable is cor-
rected with a separately trained BDT, taking the photon kinematic properties, per-event energy
density, and the previously corrected features as inputs, to ensure that correlations between
the inputs are preserved and closer to those in data. This method improves the modeling of
the photon ID BDT discriminant in MC simulation with respect to the previous CMS H → γγ
results [44].
After the preselection described above, we require 100 < mγγ < 180 GeV, pT/mγγ > 1/3 and
1/4 for the leading (in pT) and subleading photons respectively and then divide events into two
channels. The leptonic channel is aimed at selecting events where at least one top quark decays
leptonically, and demands the presence of ≥1 jet with pT > 25 GeV and |η| < 2.4, ≥1 isolated
e or µ with pT > 10 GeV for electrons, pT > 5 GeV for muons, and |η| < 2.4. The hadronic
channel targets tt hadronic decays by requiring at least three jets, at least one b-tagged jet, and
no isolated leptons (e/µ).
A dedicated BDT discriminant (“BDT-bkg”) is employed in each channel to distinguish be-
tween ttH and background events. These BDTs are trained with the XGBOOST [46] framework
on signal and background MC samples, with one exception as noted below. The background
MC samples include γ+ jets, γγ+ jets, tt + jets, tt +γ, tt +γγ, Z +γ, and W +γ processes, as
well as a variety of other rarer backgrounds. Non-ttH production modes of H are also treated
as background. The dominant background in the hadronic channel consists of γ + jets events,
where one jet is misidentified as a photon. To improve the performance of the hadronic BDT-
bkg, the γ + jets background is modeled from a large sample of data events with one photon
candidate failing the photon ID requirement; these are almost exclusively multi-jet and γ+ jets
events. For each such event, the photon ID value of the misidentified jet is replaced by a value
drawn from the MC distribution of photon ID values of misidentified jets passing the photon
ID requirement. These events, appropriately weighted, are then used in the hadronic BDT-bkg
training instead of the γ + jets MC sample.
Input features of BDT-bkg include kinematic properties of jets, leptons, photons and diphotons
(but not mγγ ), jet and lepton multiplicity, b-tagging scores of jets, and pmissT . The inclusion of b-
tagging scores reduces the non-tt background; furthermore, jets and leptons in ttH events tend
to have higher pT and smaller |η| than in background events. The BDT-bkg also uses output
3of the photon ID BDT, and the outputs of other machine learning (ML) algorithms described
below as input features. One such ML algorithm is a top quark tagger BDT (top tagger) [47]
to distinguish events with top quarks decaying into three jets from events that do not contain
top quarks. We also use long short-term memory based [48] DNNs trained to separate ttH
from the dominant backgrounds in a signal-enriched phase space: γγ+ jets and tt + γγ for the
hadronic channel; and tt + γγ for the leptonic channel. In addition to the features that are used
in BDT-bkg, the DNNs exploit low-level information including the full four-vectors of each jet
and lepton and the jet flavor scores [28]. The four-vectors allow for a more effective use of the
kinematic properties of the jet and the lepton while the jet flavor scores allow the differentiation
of the origins of hadronic jets between ttH and the dominant backgrounds that the DNNs
are designed to reject. The DNNs are trained only on MC samples with a large number of
simulated events and used as additional inputs to the BDT-bkg, rather than in place of the
BDT-bkg. When a DNN is trained on all background components its performance is worse
than the BDT-bkg due to severe overfitting, as the other background samples have a lower
number of simulated events than γγ + jets and tt + γγ. The modeling of the input features
has been validated by comparing data and MC distributions for events passing the preselection
in both channels. The BDT-bkg score has been validated by comparing the distributions in data
and MC in both the mγγ sidebands, satisfying either 100 < mγγ < 120 GeV or 130 < mγγ <
180 GeV (as in Fig. 1) as well as in dedicated control regions which target tt + Z events.
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Figure 1: Distributions of BDT-bkg output used for event categorization, for the hadronic (left)
and the leptonic (right) channels. Category boundaries for the signal strength (CP) measure-
ments are shown with thinly (thickly) dashed lines. Events shown are taken from the mγγ
sidebands, satisfying either 100 < mγγ < 120 GeV or 130 < mγγ < 180 GeV. Events in the grey
shaded region are not considered in the analysis. Statistical (statistical ⊕ systematic) back-
ground uncertainties are represented by the black (red) shaded bands.
Events are either rejected or further divided into eight categories to maximize the expected
significance according to their BDT-bkg output as shown in Fig. 1 and Table 1. When measuring
4Table 1: The expected number of H events in the hadronic and leptonic channels per category
and the fractional contribution per H production mode.
Total ttH (%) tH (%) ggH (%) VH (%) VBF (%) bbH (%)
Had1 5.8 89.1 6.8 3.3 0.8 <0.1 0.1
Had2 4.2 82.9 6.8 8.7 1.4 0.2 0.1
Had3 11.6 78.6 7.2 10.3 3.5 0.3 0.1
Had4 13.6 65.4 7.7 19.3 6.9 0.7 0.1
Lep1 5.8 90.6 7.9 0.5 1.0 <0.1 <0.1
Lep2 4.9 90.0 6.7 0.4 2.9 <0.1 <0.1
Lep3 3.5 86.2 7.4 0.4 6.0 <0.1 <0.1
Lep4 5.7 78.1 8.2 1.1 12.7 <0.1 <0.1
Total 55.1 79.5 7.4 8.2 4.7 0.3 <0.1
the CP structure of the Htt coupling that is discussed later, non-rejected events are divided
into four categories to maximize the sensitivity to the CP structure of the Htt amplitude. We
perform a simultaneous binned maximum likelihood fit to the mγγ distributions in the eight
categories to extract the product of the ttH cross section and H → γγ branching fraction
(σttHBγγ ) and the signal strength µttH , defined as the ratio of the measured to SM expected
H → γγ. In the fit, all other H production modes are constrained to their SM predictions.
The ttH signal distribution is parameterized using a double-sided Crystal Ball [49] plus Gaus-
sian function. The background is modeled from data with the discrete profiling method [50],
which accounts for the uncertainty associated with the choice of analytic function used to
model the background mγγ distribution.
All other systematic uncertainties are also included as nuisance parameters, and results are ob-
tained using asymptotic distributions of test statistics based on the profile likelihood ratio [51–
53]. The dominant theoretical uncertainty in µttH arises from the SM prediction of the ttH cross
section, and is estimated by varying the QCD renormalization and factorization scales [30],
with a resulting impact of 8%. The uncertainties in parton distribution functions, QCD cou-
pling, underlying event and parton showers, and the H → γγ branching fraction each affect
µttH by 2–5%. The main experimental uncertainties that affect µttH are those related to the b
quark and photon identification, the jet energy scale and resolution, and the integrated lumi-
nosity [54–56]. Their effects are in the 2–6% range. Other systematic uncertainties, including
those related to preselection and trigger efficiencies, the lepton identification, and pmissT have a
<2% effect on the measurement of µttH and σttHBγγ .
The data and fit results are shown in Fig. 2. We find σttHBγγ = 1.56+0.34−0.32 fb = 1.56+0.33−0.30 (stat)
+0.09
−0.08 (syst) fb, and µttH = 1.38
+0.36
−0.29 = 1.38
+0.29
−0.27 (stat)
+0.21
−0.11 (syst) with the H mass (mH) profiled.
The SM prediction of the σttHBγγ is 1.13+0.08−0.11 fb [30]. The observed significance relative to the
background-only hypothesis is 6.6 standard deviations (σ), while the expected significance as-
suming the SM H is 4.7σ.
The CP structure of the Htt amplitude can be parameterized as [22]:
A(Htt) = −mt
v
ψt
(
κt + iκ˜tγ5
)
ψt , (1)
where ψt and ψt are the Dirac spinors, mt is the top quark mass, v is the SM H field vacuum
expectation value, and κt and κ˜t are the CP-even and CP-odd Yukawa couplings. In the SM,
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Figure 2: Invariant mass distribution for the selected events (black points) weighted by S/(S +
B), where S (B) is the numbers of expected signal (background) events in a±1σeff mass window
centered on mH . The σeff is defined as the smallest interval containing 68.3% of the mγγ distri-
bution, and ranges from 1.2 to 1.6% for different categories. We show curves for fitted signal
+ background (solid red) and for background only (dashed red), with bands covering the ±1σ
and ±2σ uncertainties in the fitted background. The inner panel shows the likelihood scan for
µttH with mH profiled.
κt = 1 and κ˜t = 0. We measure the CP structure with
fHttCP =
|κ˜t |2
|κt |2 + |κ˜t |2
sign(κ˜t/κt). (2)
When the cross sections of the CP-even and CP-odd contributions are equal, fHttCP = 0.72 [22].
It has been shown in Ref. [22] that an optimal analysis of the CP structure in the ttH process
can be performed with two observables, D0− and DCP. D0− is designed to separate CP-even
from CP-odd andDCP to differentiate the interference. Ref. [57] shows that the two observables
built by matrix element and ML techniques achieve the same sensitivity. In this study, we use a
BDT to obtain D0− and do not include DCP since it requires tagging the flavor of light jets. As a
consequence, it is not possible to measure the relative sign, or phase, of the κt and κ˜t couplings.
Nonetheless, this sign is incorporated into the fHttCP definition in Eq. 2 for consistency with other
possible studies sensitive to the sign of fHttCP , such as in the gluon fusion production with the
top-quark loop [57].
We train a BDT to distinguish CP-even and CP-odd contributions. The observables used in
the training include the kinematic variables of the first six jets (in pT) and the diphoton system
(but not mγγ ), the b-tagging scores of jets, and in the leptonic channel, the lepton multiplicity
and the kinematic variables of the leading lepton. The output of the BDT is the D0− observ-
able. Simulation shows that D0− has negligible correlation with the BDT-bkg discriminant.
The events selected for the signal strength measurements are split into 12 categories, leptonic
or hadronic, two BDT-bkg categories shown in Fig. 1, and three D0− bins, as shown in Fig. 3.
A simultaneous fit to the mγγ distribution is performed using the 12 categories to measure f
Htt
CP .
The µttH parameter is left unconstrained. An additional systematic uncertainty is introduced
6to cover possible small differences in the modeling of the distributions with the JHUGEN gen-
erator used for variation of the CP structure of the ttH coupling and MADGRAPH5 aMC@NLO
generator used to model SM distributions. However, statistical uncertainties dominate the
measurement of fHttCP . In addition to the ttH process, we parameterize the tH production with
the µttH and f
Htt
CP parameters, where the H couplings to other particles are constrained to their
SM values and the sign of κt is taken to be positive [58]. The weak dependence of D0− distri-
butions for the tH events is neglected. Studies show that it decreases the sensitivity by 0.1 σ.
The other processes are constrained to their SM predictions.
The fit results are shown in Fig. 3 and are obtained using the profile likelihood method as
fHttCP = 0.00± 0.33, with the constraint | fHttCP | < 0.67 at 95% confidence level (CL). The coverage
was determined with pseudo-datasets and found to agree with that expected in the asymptotic
limit [59]. The pure pseudoscalar model of CP structure of the Htt coupling ( fHttCP = 1) is
excluded at 3.2 σ. The expected constraints based on SM simulation are fHttCP = 0.00± 0.49 at
68% CL, | fHttCP | < 0.82 at 95% CL, and 2.6 σ exclusion of the fHttCP = 1 model.
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Figure 3: The distribution of events weighted by S/(S + B), as in Fig. 2, in three bins of the D0−
discriminant. In this display, leptonic/hadronic channels and BDT-bkg categories are com-
bined in the mass range 115 < mγγ < 135 GeV and the background contribution, as determined
in the fit to data, is subtracted. The inner panel shows the likelihood scan for | fHttCP |.
To conclude, we presented the first single-channel observation of the ttH process and the first
measurement of the CP structure of the Htt coupling using the H → γγ channel. The cross
section of the ttH process is measured to be σttHBγγ= 1.56+0.34−0.32 fb, corresponding to 1.38+0.36−0.29
times the SM prediction, with a significance of 6.6σ. The data disfavor the pure CP-odd model
of the Htt coupling at 3.2σ, and a possible fractional CP-odd contribution is constrained to be
fHttCP = 0.00± 0.33 at 68% CL.
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